We presented a tunable optofluidic dye laser with integrated elastomeric air-gap etalon controlled by air pressure. The chip was fabricated with polydimethylsiloxane ͑PDMS͒ via replica molding. It comprises a liquid waveguide and microscale air-gap mirrors providing the feedback. The lasing wavelength is chosen by the interference between two parallel PDMS-air interfaces inside the internal tunable air-gap etalon, of which pneumatic tuning can be realized by inflating the air-gap etalon with compressed air. This dye laser exhibits a pumping threshold of 1.6 J/pulse, a lasing linewidth of 3 nm, and a tuning range of 14 nm.
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Optofluidics has shown large potential for optical devices and has already enabled a broad optical toolbox for lab-on-a-chip ͑LOC͒ systems. [1] [2] [3] [4] As a miniature coherent light source, optofluidic dye lasers attract a lot of attention. Various types of resonators for microfluidic dye lasers have been demonstrated, such as the Fabry-Perot cavity, 5 a capillary tube, 6 and distributed feedback ͑DFB͒ grating. 7-10 A common method for tuning the wavelength of such microfluidic dye lasers is based on varying the refractive indices of dye solutions. 9, 10 Although this method is simple, it has several shortcomings. First, the tuning range is very limited, especially for liquid core DFB dye lasers, 8, 9 since the refractive index distribution must also satisfy the single mode condition of the waveguide. As a result, the refractive index of the dye solution can be changed only in a very small range. Second, due to the small transverse dimension of the liquid waveguide, the flow inside the microfluidic channel is very slow; hence the waveguide tuning timing is long. Another tuning mechanism for optofluidic DFB dye laser was reported by Li et al. 11 It is based on mechanical stretching or compressing a laser chip made of soft material ͓Polydimeth-ylsiloxane ͑PDMS͔͒, hence changing the period of the DFB grating to tune the lasing wavelength. However, the induced overall deformation of the chip would be at odds with the integration of such dye laser into more complex microfluidic system.
In this letter, we present an optofluidic laser cavity structure in which the lasing wavelength is chosen by an integrated pneumatic tuning air-gap etalon. As the etalon is made of PDMS which is a kind of elastomer, the air-gap etalon can be inflated by compressed air and the lasing wavelength can be controlled by the air pressure. Compared with previous tuning method, [9] [10] [11] this implementation is simpler and the dye laser wavelength can be remotely controlled. Fast laser tuning and a large tuning range can be realized. Meanwhile, since the deformation is localized in the etalon, the tuning process does not interfere with the other components on the chip.
The schematic of the laser cavity structure is illustrated in Fig. 1 . The whole chip is made of PDMS. It is composed of a liquid core waveguide, at the ends of which two microscale air chamber structures are integrated acting as the mirrors providing feedback. The beam reflections occur at the PDMS/air interfaces due the refractive index contrast. As shown in Fig. 1͑a͒ , the shape of the air chamber located on the left, was specially designed. Only the interface closer to the liquid waveguide is effective for the cavity as the reflected beam can couple back to the waveguide. The other interface has a tilted mirror, from which the reflected beam does not couple back to the waveguide. As a result, the airgap mirror on the left acts as a simple end mirror for the laser cavity. On the other hand, the air chamber on the right of the waveguide, as shown in Fig. 1͑b͒ , has two parallel PDMS/air interfaces that are both perpendicular to the waveguide. Owning to interference of the reflected beams between the two interfaces, this air chamber behaves as a low finesse air-gap Fabry-Perot ͑F-P͒ etalon. This cavity determines the lasing wavelength. Since the PDMS is elastic, the size of the air-gap can be tuned by varying the gas pressure. 12 As shown in the schematic cross-sectional view of Fig. 1͑c͒ of the devices, inflation of the "microairbag" with compressed air causes the effective air-gap to increase.
To further illustrate the working principle of this laser, a model of F-P cavity laser with external mirror is presented in Fig. 2 the external mirror F 3 . n is the effective refractive index of the lasing cavity. The length of the lasing cavity and the external cavity are d and L, respectively. Due to the existence of the external mirror F 3 , the effective reflectance r 2eff of the mirror F 2 is given by the following:
where is the wavelength in vacuum. Assuming the divergence of the beam reflected from mirror F 3 can be negligible, r = r 1 = r 2 = r 3 Ϸ 0.03 using the refractive index of PDMS n PDMS = 1.412. Due to the weak reflection coefficient, higher orders can be negligible. ͑r 2 = 0.0009Ӷ 1͒, r 2eff can be expressed as follows:
where R 2 and L represent the amplitude and phase of r 2eff . To obtain lasing, the following amplitude and phase condition must be simultaneity satisfied:
where g and ␥ represent the gain and loss of the cavity respectively. The influence of the external cavity can be observed from Eqs. ͑5͒ and ͑6͒. In the absence of the external cavity ͑R 2 = r and L =0͒, the F-P laser oscillation is fully determined by its gain profile and longitude modes. The presence of the external cavity alters both the gain condition and the longitudinal mode wavelength positions. However, as L Ӷ 2m, the mode positions of the laser cavity are almost as same as without external cavity. Therefore the external cavity mainly impacts the gain condition ͓Eq. ͑5͔͒ which is equivalent to adding a tunable etalon inside the laser cavity. As illustrated in Fig. 2͑b͒ , the laser cavity modes are selected by the center wavelength of the filtering curve formed by the reflectance spectrum of the air-gap etalon.
The top PDMS layer of the chip was prepared by replica molding method. The master mold was defined using UV lithography on a 4 m thick SU-8 film on silicon wafer. The length of the waveguide is 800 m and the width 4 m. The air chamber on the right acting as the external cavity has a gap width of 12 m. The structured PDMS slab ͑Dow Corning Sylgard 184͒ was then bonded with a flat PDMS layer. A mixture of two different dyes was utilized to improve the tuning range. The chip was filled with a mixed dye solution containing rhodamine 6G and rhodamine B at the concentration of 0.9 and 0.15 mg/ml, respectively. The solvent was prepared by mixing water and dimethylsulfoxide and had a refractive index of 1.4140. Figure 3 is the picture of a dye laser chip under testing. To improve the pumping efficiency, a longitude pumping scheme was adopted. 8 The air inlet of the chip was connected to a mechanical air pressure regulator ͑ControlAir Inc., Type 100-BA͒ providing arbitrary pressure in the range of 2-30 psi. The pressure was monitored by a digital pressure gauge ͑Omega Inc. DPG4000͒.
A comparison of the emission spectra from the dye laser is shown in Fig. 4 There are two following contributing factors to the wavelength tuning: the geometrical variation of the etalon cavity and the refractive index change of the air inside the cavity. From the calculation, during the increment of air pressure, the cavity length has an increment rate of 33 nm/psi and air refractive index has an increment rate of 2 ϫ 10 −5 / psi, in which the cavity geometric modification can be considered as the primary factor for the wavelength tuning. Due to the low viscosity, the air flow has a much higher circulating rate inside the microchannels compared to the liquid. Thus such pneumatic tuning can exhibit much faster response time compared to the tuning methods using liquid flow. [8] [9] [10] In addition, thanks to the separate air-gap etalon for selecting the lasing wavelength, this dye laser shows nice wavelength stability compared to the liquid-core waveguide DFB dye laser, in which the variation of refractive index induced by thermal fluctuation can shift the lasing wavelength. 8 In contrast, this dye laser chip showed negligible wavelength variation by locking the pressure with the mechanical air regulator.
In conclusion, we demonstrated a pneumatically tunable optofluidic dye laser with integrated elastomeric air-gap etalon. As the fabrication process and control method are compatible with conventional a PDMS based microfluidic chip, 15 the design of this optofluidic dye also promises a practical way for the integration of dye laser source into lab-on-a-chip system. 
